Bed protection in apron downstream was installed to use riprap or gabion mattress. In the case of bed protect-tion using riprap, the decision on the riprap diameter is very important because riprap diameter means the capacity to withstand the flow. Initial formulas for the decision on the riprap diameter applied velocity and weight as main factors. Since the main factors gradually expanded to depth, bed slope, and turbulence intensity, decision formulas for the riprap diameter were detailed. Because turbulence intensity was considered to be a main factor of the formula, the decision formulas for the riprap diameter could be expanded to apply to bed protection around hydraulic structures. Escarameia and May conducted a study on the riprap diameter of a strong turbulence area around the downstream of hydraulic structures. For the formula of Escarameia and May, the basis of the formula was the Izbash type, and the main factor was turbulence intensity. This study was an experimental study for deciding the riprap diameter installed around apron downstream and was based on the study results of Escarameia and May. The experiment measured the velocity upon change of discharge and riprap diameter to the installed weir model and analyzed the correlation of threshold velocity by diameter. The experimental formula in this study expanded the turbulence intensity limits of the Escarameia and May formula and increased application to turbulence intensity in weir downstream.
Introduction
As one of the river structures installed most commonly in rivers, the round-crested weir is a facility without the function of embankment since it is installed in the crosssectional direction to raise the water level for water intake and canal way and to prevent the countercurrent of rivers (River Design Criteria, [1] ). Generally, a weir consists of the body, apron, and bed protection, and the design criteria are presented in the River Design Criteria [1] . Note, however, that bed scour around apron downstream and bed protection was confirmed to be one of the main causes according to the examination of cases of flood damage wreaked by typhoon Rusa and typhoon Maemi. Therefore, applying weirs in rivers was found to have problems. Although water conveyance takes place, strong turbulence intensity from the starting point of water conveyance can be a cause of such bed scour. Bijan [2] conducted a study evaluating scour depth through research on bed scour development around apron downstream. Figure 1 shows weir destruction due to bed scour around apron downstream.
The bed protection installed around apron downstream is a structure installed to prevent scour generated in the downstream of the hydraulic structure and to protect the body and apron. The design criteria of bed protection have not considered various hydraulic phenomena including water level impact in weir downstream. Consequently, re-review and supplementation of bed protection are required to ensure weir stability.
As the importance of environmental functions and hydraulic improvement of rivers increases, the environment-friendliness of bed protection is emphasized more. In this context, there is a need to minimize the existing apron's length as well as for environment-friendly bed protection to enhance the eco-function. For this reason, the use of riprap protection with its secured stability increases compared to the existing concrete protection.
In Korea, the bed protection installed in rivers is constructed generally using ripraps or gabion mattresses. The materials for bed protection are used considering the material diameter or weight according to velocity. Studies to determine proper bed protection materials have been sequentially carried out concerning riprap, gabion mattress, and concrete block protection since the mid-1970s. Initial stage studies were mainly conducted concerning riprap. Recently, the formulas developed for riprap have been studied by extending the experimental scope regarding gabion mattress and concrete block protection. Thus, they are improving as relationship formulas to be used universally (Pilarczyk [3] ; Escarameia [4] ).
This study carried out literature research to review the domestic and international guidelines for design criteria related to weir apron and bed protection and to identify the overall design trends. Although the results of many studies on scour depth around downstream-which is calculated for bed protection length design-have been accumulated and are at a predictable level, test or verifycation is required for on-site application. In most guidelines, there are no official design procedures in relation to the lengths of apron and bed protection, and design criteria are prepared through hydraulic experiments if necessary. For example, Blodgett and McConaughy [5] examined the merits and demerits of various cross-sectional structures and proposed improved structures suitable for Denver City. In the case of the Agricultural Research Service Guidelines, the guidelines were based on the hydraulic experimental results of Little and Murphy [6] . In Korea and Japan, design criteria for the lengths of apron and bed protection were presented. In Korea in particular, the design criteria for apron and bed protecttion at drop and weir are the same. In Japan, design criteria for vertical drop are presented, but not clear criteria for weirs; thus, looking at past installation cases is recommended in the case of operated weirs. Internationally, revised guidelines have recently been presented based on on-site evaluation, and studies to decrease energy appropriately in various river water level conditions are conducted.
This study was a hydraulic experiment to review the riprap decision formula for bed protection to protect scour around apron downstream of a weir. For the hydraulic experiment, an experiment in stationary phase and one in non-stationary phase were performed. The experiment in stationary phase sought to analyze the impact factors of scour by measuring the velocity and turbulence intensity of apron downstream according to the discharge conditions. The experiment in non-stationary phase dealt with riprap materials to review the riprap decision formula. Through these experiments, this study proposed a riprap decision formula according to the flow impacts and turbulence intensity (TI) of the river bed around apron downstream.
Experimental Setup
A hydraulic experiment was conducted in an open flume with length of 50 m, width of 1.2 m, and height of 1.5 m. The downstream water level was controlled by adjusting the height between the watercourse bed and top of the tailgate using an electronic level. Water level was measured using ultrasonic sensors, with 14 sensors installed in the flow direction; the sensors were located at the central point of the watercourse. To minimize influence by mutual intervention, the distance between sensors was more than 30 cm. Concerning the ultrasonic sensor, PIL's sensor (model: P47-F4V-2D-1D0-180E) was used; measurement distances were 200 mm -2000 mm, and beam angle was 8˚. Velocity was measured before and after water conveyance using the 1-dimensional propeller hydrometer and Micro 16 MHz ADV (SONTEK). By identifying the velocity distribution features within the length of water conveyance, energy dissipation was reviewed.
In this way, this study identified the velocity distribution change around weir downstream by measuring velocity in the vertical direction at points with certain distance in the flow direction, and bed velocity and turbulence velocity intensity were measured. Regarding experimental conditions in stationary phase, experiments were carried out in 10 discharge conditions. For the meter to measure the velocity field, the 2-dimensional electromagnetic velocity meter ACM-250D by Alec Co., and Sontek's 3 dimensional ADV were used. The measured speed was 50 Hz in all depths, with each water level measured using an ultrasonic water level meter (P47-F4V-2D-1D0-180E, PIL Co.). For the bed protection experiment, the movement of materials could be observed with the naked eye by installing tempered glass for both side walls.
The weir was installed by applying the stationary weir design criteria presented in the River Design Criteria [7] , and the length of bed protection used in the experiment was 3.0 m. For the experimental method, after the discharge was fixed, water conveyance was induced upstream in the experimental section (bed protection) using the water level control tailgate. The threshold where the riprap starts to move is difficult to decide through quantitative calculation; therefore, it was decided using a qualitative method. When water conveyance is induced at apron, measurement began at the time experimental materials moved by controlling the depth in the experimental section using the water level control gate downstream.
The decision of threshold was carried out through observation with the naked eye. When more than 10 individual ripraps beginning to move around the velocity measuring points were confirmed, it was decided as threshold. Using Sontek's 3-dimensional micro ADV, velocity was measured. Actually, by measuring 50 data per sec for at least 100 seconds at each measuring point, analysis was performed using a total of 5000 data entries. By measuring (with distance of 45 cm) at three points in the cross-sectional direction by setting the side line 1.5 m away from the top of the experimental section, the spatial average in the cross-sectional direction was derived. Vertical direction velocity at 7 -8 points was measured by experimental condition.
The formula suggested by Escarameia and May [4] was obtained from an experiment using angled stones and rounded stones as materials for bed protection. In Korea, however, ripraps were mainly used as material for bed protection. Therefore, rounded stones were not considered an experimental object. When experimenting by expanding the experimental conditions on riprap, improving as a formula more suitable for the Korean structure conditions was expected to be possible. In the experiment, three types of ripraps were used by dividing them by diameter using crushed stone as standard object. 
Analysis (Flow Characteristics around Weir Downstream)
The experiment in stationary phase sought to analyze the flow characteristics around weir downstream; water conveyance, velocity, and turbulence intensity were measured according to the weir upstream and downstream conditions. The experiment in stationary phase was conducted to review the factors for deciding riprap. The flow around weir downstream was divided into hydraulic jump section, water conveyance section, and upstream section. The flow around weir downstream showed a difference in the hydraulic jump section, water conveyance section, and upstream section according to the upstream inflow volume and downstream water level. As an important factor in weir design since it is a cause of bed scour arising from strong stream power, the hydraulic jump section was designed to be formed at the apron installation section. Accordingly, the hydraulic jump section should be minimized to make downstream bed safe when designing Tailgate a weir. Note, however, that the river's discharge and water level conditions vary, and it is difficult to apply hydraulic conditions to minimize the hydraulic jump section for all rivers in designing a weir. Consequently, methods of maintaining the bed around weir downstream were proposed domestically and internationally. The bed maintaining method in the US, and Europe is forcibly inducing water conveyance by installing a hydraulic energy dissipator to dissipate stream power at weir downstream in general. For the bed maintaining method of Korea, however, the installation of apron and bed protection is proposed instead of a hydraulic energy dissipator. The design of ap on and bed protection is r decided by the Bligh formula, but this formula was drawn considering the penetration impact of the ground. Thus, it has the limit of not considering the hydraulic characteristics. In other words, the proposed Bligh formula in the past cannot classify flow sections (hydraulic jump, water conveyance, and upstream sections) regarding discharge and downstream water level conditions. This experiment reviewed the hydraulic jump section, water conveyance section, and upstream section according to the weir upstream/downstream conditions. Figure  6 shows the measured water level change results at weir downstream according to the water level at downstream end. Water conveyance is made to be closer to the weir as downstream water level increases. Figure 7 shows the water conveyance locations according to the upstream and downstream conditions. The part where a rapid change of water level is induced indicates the point where water conveyance is triggered. This study assumed conditions wherein hydraulic jump was formed in the apron installation section and reviewed flow after water conveyance was induced in terms of bed impacts. scope of non-dimensionalized distance   X , maximum velocity fell within 1.18-fold average velocity at the downstream end. In general, average velocity in a river is known to be 0.85 times the cross-section's maximum velocity. Consequently, when a cross section's maximum velocity falls lower than the 1.18-fold average velocity, it can be decided to be similar to river flow. Thus, if bed protection scope is defined to be the point where flowing water impact disappears, the length can be measured to be about 3 -5 times that of water conveyance as a result of the experiment. Figure 9 shows the change scope of turbulence velocity intensity
that was non-dimensionalized with velocity at the downstream end according to the non-dimensionalized distance. As seen in Figure 9 , regarding the non-dimensionalized turbulence velocity intensity, flow impacts by water conveyance after 3 of non-dimensionalized distance nearly disappear. Consequently, when apron length reaches the point where flow instability eases considerably due to energy dissipation after water conveyance, the length can be estimated to be more than 3-fold based on the experiment results. Therefore, the lengths of apron and bed protection can be calculated through dimensional interpretation based on the experimental results.
Experimental Results of Bed Protection
The most widely used formulas among the existing formulas are the Maynord formula developed by the US Engineer Corps, Pilarczyk formula developed based on Dutch Delft Hydraulics Lab's research results, and HR Wallingford formula developed by British HR Wallingford (Escarameia and May [4] ). All these formulas were confirmed to have very high reliability since they were developed based on the research results of specialized research institutions. Of these, the HR Wallingford formula was developed focusing on hydraulic structure downstream unlike other formulas; thus reflecting turbulence impacts the most on the diameter decision. The use of coefficient is also simplified, and it can be easily applied in designing. All in al is formula was selected l, th 
 
0.1y away 10% from the bed depth), g is the gravity acceleration, and s s is the riprap's specific gravity. The turbulence intensity coefficient is calculated as follows from Formula (1):
Although the HR Wallingford formula can be currently found in the British Design Criteria, the following problems have been confirmed as a result of review: 1) By simultaneously applying the experimental results on the angled riprap and rounded riprap, the turbulence intensity coefficient was calculated as shown in Figure 10 . As a result of separately showing only the experimental results of angled riprap, the turbulence intensity coefficient was judged to be calculated excessively (Figure 11) . Although Escarameia and May [4] mentioned that the material's shape did not influence stability considerably, the material shape factor was considered to have a huge effect on the coefficient calculation as a result of the analysis. In Korea, when bed protection is installed, angled riprap is known to have greater stability than rounded riprap; thus, the latter is not used. This study carried out experiments using only angled riprap. 2) To enhance the formula's applicability with riprap diameter of less than 11.8 mm, an experiment increasing the diameter scope was deemed necessary. This study conducted experiments under 11 conditions on ripraps with diameter of 6.0, 7.1, and 8.7 mm in the initial experiments (Korea Institute of Construction Technology [7] ). As shown in Table 2 , experiments under 20 conditions on 14.6, 17.5, 22.8 mm ripraps were conducted to expand the formula application scope.
3) To apply to strong turbulence flow less than 0.3 of TI scope of turbulence intensity as measured in the experiments, applicability was set to low regarding the flow with high TI condition. Therefore, this study expanded the discharge conditions and considered TI conditions with broader scope and carried out experiments. Figure 12 shows the experimental results of this study along with HR Wallingford's experimental results. As seen in the figure, based on the experimental results of expansion of angled riprap diameters, since the stability of riprap increased, impacts by turbulence intensity TI diminished remarkably compared to rounded riprap. Turbulence coefficient can be calculated as follows from the turbulence intensity TI based on the results above:
Since the experimental scope on turbulence intensity TI could be expanded, a conceptual approach concerning turbulence impact was attempted as in existing formulas. Generally, the impacts of turbulence were divided into normal turbulence and high turbulence, and the turbulence (intensity) coefficient was presented. Thus, this Figure 14 illustrates only the experimental results in this study task. When not considering the experimental results of HR Wallingford, the TI impacts of turbulence intensity increased slightly.
Conclusions
To design apron length, bed protection length, and materials in a weir, understanding of water conveyance characteristics is essential. This study reviewed water conveyance induced in weir downstream through various discharges and water level conditions at downstream end. Based on the experimental results of Escarameia and May [5] , this study carried out an experiment on riprap material diameter decision for bed protection by supplementing the experimental conditions. As a result of the experiment, the following conclusions were drawn: 1) When apron length is considered to reach the point where flow instability eases considerably due to energy dissipation after triggering water conveyance, the apron length can be estimated to be about 2.5 -3 times the water conveyance length based on the experimental results.
2) When the scope of bed protection is defined to be up to the point where flowing water impact disappears, the length can be estimated to be about 3 -5 times that of water conveyance as a result of the experiment.
3) The formula proposed by Escarameia and May [5] was based on the experimental results on ripraps and rounded stones; hence the slight difference from the results of the experiment in this study. Note, however, that the trend is relatively similar when the experimental results of ripraps were compared.
4) It was possible to improve the experimental results of Escarameia and May [5] to the formula with broader application scope.
5) The addition of the experimental results on ripraps with three different diameter sizes could improve the applicability of the existing formula. Consequently, when an experiment is carried out targeting a broader scope (bigger diameter) of material, such is expected to improve the existing formula's applicability.
